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INTRODUCTION
Since its discovery by Kemp in 1978, otoacoustic emissions (OAEs) have become a
widely accepted phenomenon produced by the inner ear in response to acoustical stimuli. The
cochlea receives the stimuli and produces an “echo” that is transmitted back through the middle
ear and vibrates the tympanic membrane, where it is measured in the ear canal (Kemp, 1978;
Kemp, 2002; Prieve & Fitzgerald, 2002). One type of OAE that is easily recorded in the ear
canal and commonly used in the clinic is the distortion product OAE (DPOAE), for which two
pure tone stimuli (f1 and f2) are presented to the ear and a third tone (f3) is recorded as the cubic
distortion product (2f1-f2) in the ear canal (Lonsbury-Martin, McCoy, Whitehead & Martin,
1993; Prieve & Fitzgerald, 2002).
While its existence is unquestioned, the generation of the DPOAE is still under
investigation. Current theories attribute the OAE to nonlinearities that occur in the cochlea as a
product of the cochlear amplifier, more specifically the mechanical motion of the outer hair cells
(OHC) (Brownell, 1990; Prieve & Fitzgerald, 2002). The added energy that OHCs provide to
the basilar membrane allows for sharp traveling waves, which lead to better amplification and
frequency tuning of a stimulus, an act required for normal hearing sensitivity (Brownell, 1990;
Kemp, 2002). Around the peak of its envelope, the traveling wave, created by OHC
nonlinearities, is suspected to stimulate “localized distortions” in the basilar membrane
mechanics, and produce backward traveling waves (Shera, 2004). These localized distortions
may include changes in the basilar membrane effective stiffness caused by nonlinearities in the
amount of force produced by OHCs (Brownell, 1990; Shera 2004; Shera & Guinan, 1999).
From the broader description of OAE generation, two more specific sources of DPOAEs
have been proposed. The first source, named the nonlinear-distortion model, is thought to be the
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result of intermodulation distortion that occurs where f2 and f1 overlap, closer to the f2 traveling
wave peak. This mixing is said to generate a new frequency component (f3) which propagates
backwards to the ear canal. As the new frequency’s traveling wave moves basally it also radiates
apically toward a point of maximum displacement on the basilar membrane, its characteristic
frequency place. The second hypothesized source of the DPOAE is caused by perturbations near
the characteristic frequency place resulting in a backward traveling wave that demonstrates the
properties of linear reflection (Shaffer et al., 2003). These perturbations have been suggested to
be the cause of pre-existing irregularities in the cochlear amplifier such as the number of OHCs
and their mechanical movements (Shera, 2004; Talmadge, Tubis, Long & Piskorski, 1998;
Zweig & Shera, 1995).
Because the nonlinear-distortion and linear reflection theories of DPOAE generation rely
heavily on OHC function and integrity, and because the OAE is considered a presynaptic
response, DPOAEs are not a test of hearing sensitivity but rather a test of cochlear function
(Shera, 2004). More specifically, the DPOAE is often used to assess the status of an ear where a
pathology known to affect the OHCs occurs. Two pathologies that specifically affect the OHCs
are ototoxicity and noise induced hearing loss, which show a basal to apical spread of damage
(Forge & Schacht, 2000; Rabinowitz, 2000).
Treatment with ototoxic drugs, such as cisplatin, has demonstrated a decrease in DPOAE
amplitude at frequencies above approximately 4000 Hz, corresponding to a high-frequency
audiometric pure tone change found in the same patients (Biro, Noszek, Prekopp, Nagyivanyi,
Geci, Gaudi & Bodrogi, 2006; Dhooge, I., Dhooge, C., Geukens, Clerck, De Vel & Vinck,
2006; Stavroulaki, Nikolaos, Segas, Tsakanikos & Adamopoulos, 2001). Prior to pure tone
threshold decreases, DPOAEs also showed an amplitude reduction in the frequencies most
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important for speech, indicating damage to the basal OHCs. These findings seem to suggest that
DPOAEs may be used to predict and monitor changes in hearing sensitivity via OHC function
(Biro et al., 2006; Dhooge et al., 2006; Stavroulaki et al., 2001).
Tightly corresponding to the conclusions drawn about the use of DPOAEs for monitoring
ototoxic damage, DPOAEs have been found to decrease in amplitude with increased noise
exposure (Balatsouras, 2004; Balatsouras, Tsimpiris, Korres, Karapantzos, Papadimitriou &
Danielidis, 2005; Seixas, Goldman, Sheppard, Neitzel, Norton & Kujawa, 2005; Vinck, Van
Cauwenberge, Leroy & Corthals, 1999). Researchers also suggest that DPOAEs may be a more
sensitive tool to monitor noise damage to OHCs because they tend to shift in wider frequency
regions and recover more slowly than pure-tone changes (Balatsouras, 2004; Vinck et al., 1999).
The use of DPOAEs to assess OHC function has been well supported in the literature;
however some recent animal research raises questions about the commonly accepted theories of
DPOAE generation, and thus their reliability in clinical assessments. Harding, Bohne, and
Ahmad (2002) studied the 2f1-f2 DPOAE amplitude shift after exposure to a high level sound in
chinchillas, and compared these results to histopathologic changes occurring in the same animal.
The researchers found that DPOAEs were not able to detect OHC focal lesions smaller than 0.6
mm, and in eight of the twelve cochleae with extensive OHC loss in the basal portion (70-100%),
partial or full recovery of the DPOAE amplitude was noted in the mid-high frequency region.
These findings are supported by Harding and Bohne (2004) who also studied the DPOAE
and histopathologic changes in chinchillas when exposed to high intensity sounds. In this study
focal lesions of 0.4 to 1.2 mm with 100% OHC loss were unreliably detected by the DPOAE.
Instead, they noted that DPOAE amplitude shifts correlated more closely to damaged supporting
cells, such as buckled pillar cells and the uncoupling of stereocilia. In fact, only 42% of the
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cochleae tested showed a DPOAE amplitude decrease at the focal lesion, while 32% showed an
amplitude enhancement and 26% showed no change. As with Harding, Bohne, and Ahmad
(2002), Harding and Bohne (2004) found partial or complete DPOAE amplitude recovery at
focal lesions with 100% OHC and supporting cell loss.
Further study of DPOAE generation occurred when Liberman, Zuo, and Guinan (2004)
eliminated prestin, a gene held responsible for OHC electromotility, in mice. This deletion
abolished the nonlinearities of OHC motility and basilar membrane nonlinearities, leaving only
the nonlinearities provided by OHC stereocilia bundles. High-level DPOAEs were measurable,
suggesting that OHC electromotility is not needed for their production and may instead be a
result of the fast adaptation of OHC stereocilia bundles.
Due to the findings of the aforementioned researchers, more information regarding
DPOAE generation is needed. A good model with which to study this phenomenon is the
amphibian ear because it acts as a simplified mammalian ear (Simmons, D., Meenderink, S., &
Vassilakis, P., 2007). The amphibian otic labyrinth consists of two sensory organs, the
amphibian papilla (AP) and the basilar papilla (BP). The AP is tonotopically organized and
tuned to low and mid-frequencies, while the BP acts like a single auditory filter and is tuned to
higher frequencies (Feng, A.S., Narins, P.M., & Capanica, R.R., 1975; Lewis, Leverenz &
Koyama, 1982). In both sensory organs the hair cells are rigidly fixed to a cartilaginous
membrane and are capable of regrowth after insult (Simmons et al., unpublished). The lack of a
basilar membrane for which the hair cells may be fixed also implies that there is an absence of a
traveling wave (Simmons et al., 2007). In essence, the frog otic labyrinth functions like a
mammalian ear missing the gene for prestin. Nevertheless, reliable DPOAEs have been recorded
from both the AP and BP, with more robust emissions found in female frogs (Meenderink & van
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Dijk & Narins, 2005; Simmons et al., 2007; van Dijk & Manley, 2001; Vassilakis, Meenderink
& Narins, 2004;).
The purpose of this study was to compare DPOAE responses with histopathologic
changes occurring along the AP of bullfrogs (Rana catesbeiana) after exposure to a high level
sound. If the commonly accepted theory of DPOAE generation is true, then DPOAE responses
should follow the damage patterns seen in OHCs. However, findings from this study suggest
that DPOAE generation may not be as straightforward as previously thought, and thus may not
be as sensitive an indicator of inner ear pathology as previously proposed.

METHODOLOGY
Animal preparation: Anesthesia and recovery
Seven female bullfrogs (Rana catesbeiana) were used in this experiment. All the frogs
were anesthetized using Ethyl 3-aminobenzoate methanesulfonate salt (MS-222) mixed with
amphibian ringer solution at a 0.4% concentration. The frog was wrapped in gauze soaked by
0.2% concentration MS-222 and a drip with this same solution was used throughout the exposure
to keep the frog anesthetized and moist. All procedures were approved by the Washington
University School of Medicine Animal Studies Committee.
Noise exposure
Each frog’s left ear was exposed for 24 hours to a 1/3 octave band pink noise sound
centered around 1000 Hz and ranging from 140–150 dB SPL, using a closed acoustic sound
coupler. The signal was generated using a pink noise generator (Central Institute for the Deaf in
St. Louis), Crown 060 filter, band pass filter (Bruel & Kjaer type 1617), amplifier (Bruel &
Kjaer type 2636), and horn driver (Altec Lansing 802 D). Throughout exposure, the sound
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pressure level was (sampled every minute) monitored using software designed by senior design
engineer Arnold Heidbreder.
DPOAE recording
DPOAE measurements were performed using Tucker Davis Technologies System III
hardware (programmable attenuator, electro static speaker driver, stereo microphone amplifier,
analogue to digital converter, and enhanced real-time processor), and software generously lent to
us by Dr. Alec Salt. All measurements were recorded using the Etymotic Research ER-10C
DPOAE Probe Driver- Preamplifier in a single wall sound proof booth that was acoustically
treated with melamine foam. The ER-10C probe was coupled to the frog tympanic membrane
using a plastic hollow tube with a rubber lip. In order to achieve a tight coupling, a silicon-based
lubricant was applied to the rubber tip before placement over the tympanic membrane.
Equipment was calibrated using a 2231 type Bruel & Kjaer sound level meter with a ½ inch
pressure microphone in a zwislocki coupler.
DPOAE measurements at the 2f1-f2 region were taken immediately before noise exposure
and 12, 24, 48, and 72 hours post noise exposure, or until DPOAE recovery. The frequencies for
f1 and f2 were determined by specifying an approximate starting frequency for f1 and the f2/f1
ratio. The frequencies used were 1000 Hz and 2400 Hz, and the f2/f1 ratio was 1.2 dB. An L2/L1
ratio of -10 dB was used. Three trials were performed at 1000 Hz and 2 trials at 2400 Hz; the
lowest f2 level with a recordable DPOAE was taken to be the DPOAE threshold. Once DPOAE
recovery was noted, the animal was sacrificed and the ears were collected and prepared for
confocal microscopy.
To determine the nonlinear distortion of the recording system the probe was placed
against a solid surface after each measurement session. No distortion was noted at any of the
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threshold levels where a DPOAE was recorded. This process was crosschecked by performing
pre and post-death DPOAE measurements on a frog. No nonlinear distorton was noted where
DPOAEs had been recorded pre-death.
Dissection of amphibian and basilar papillae
After an appropriate post-exposure survival period (0, 1, 3, 9, or 14 days), we reanesthetized and decapitated sound-exposed bullfrogs, dissecting their amphibian papillae in
chilled, oxygenated HEPES-buffered saline (HBS) containing (in mM): 110 Na+, 2 K+, 4 Ca2+,
120 Cl-, 3 D-glucose, and 5 HEPES, pH 7.25. We then transferred papillae either to amphibian
culture medium or amphibian phosphate buffered saline (PBS) for subsequent imaging and
immunocytochemistry experiments. Some ears were embedded in gelatin-agarose and sectioned
at 200 µm on a Vibratome.
Immunocytochemistry
Fixed whole papillae or sections were permeabilized for 1 hr in 0.5% Triton X-100 in 0.1
M phosphate buffered saline (PBS), and incubated for 1 hr in 3% NHS and 1% bovine serum
albumin (BSA) in PBS to reduce non-specific labeling. They were then immunolabeled with
antisera against either myosin VI or calbindin to label hair cells, and sometimes inner ear
cyotokeratin to differentiate hair cells from supporting cells. For this purpose, AP organs were
incubated overnight at 4˚C in a cocktail of myosin VI antisera (1:100) or calbindin (1:250),
cytokeratin antisera (1:20), and epitope-tagged IgG (ETAG, Amersham) (1:650), all diluted in
PBS After rinses in 0.1% Tween 20 in PBS, inner ear organs were incubated for 1 hr each in
Cy5-conjugated GAR IgG, biotinylated HAM IgG, and Alexa 594-conjugated IgG, all diluted
1:250 - 1:500 in PBS. Inner ear tissues were finally incubated DAPI to label cell nuclei and
alexa-conjugated phalloidin to label hair bundles.
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Confocal microscopy
We used green (Alexa 488), red (Alexa 594), and far-red (Alexa 647/660) fluorophores to
triple-label organs, a combination that minimized spectral bleed-through between adjacent
channels. Using a CLSM (Radiance 2000 AGR-3, Bio-Rad) and X60 water-immersion
(NA=1.20) objective (Plan apochromat, Nikon), we acquired high-resolution images 0.5 µm
intervals in the peripheral margin of the AP, exciting the green, red, and far-red channels with
the Argon 488 nm line, the green HeNe 543 nm line, and the Red Diode 647 nm line,
respectively. Fluorescent emissions were simultaneously acquired with appropriate blocking and
emission filters, scanned at slow (25 lines/sec) scan speeds for maximum resolution, and
detected with 12-bit accuracy by independent photomultiplier tubes.
RESULTS
DPOAE recording
A scan of frequencies from approximately 200 to 1600 Hz was performed to find the
region in which the most robust DPOAE can be generated. The f1 value was determined using
an f2/f1 ratio of 1.2, and presented at an L2/L1 ratio of -10 dB SPL. The primary levels were
held constant at 100 dB SPL. The most robust DPOAE was found to be between 800 and 1000
Hz (see figure 1a). High intensity sound exposures were performed for 4 to 24 hours to find the
level and exposure time needed to abolish the DPOAE. A sound exposure of 12 hours or less at
approximately 150 dB SPL produced no observable changes in DPOAE amplitude. Within 12 to
24 hours after a 20 to 24 hour exposure, DPOAE amplitudes were reduced across most
frequencies, particularly at an f2 frequency near 1000 Hz (see figure 1b). DPOAE amplitudes
were monitored over 9 days. Maximum DPOAE shift was noted within 24 hours post exposure
and DPOAE recovery was noted to begin soon after. DPOAE scans pre and post sound exposure
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remained similar. Using a 1000 Hz stimulus we then decided to investigate the effects of f2
threshold on the DPOAE.
DPOAEs were measured and graphs were analyzed to determine the presence or absence
of this response. As seen in figure 2, a present DPOAE is signified by a peak at the 2f1-f2 region
of the plot. The amplitude of this peak, minus the amplitude of the noise floor, is the DPOAE
amplitude. The change in DPOAE amplitude from pre-exposure measurements compared with
the f2 threshold level was analyzed over time for each frog, as seen in figure 3.

Figure 1: a) DPOAE level as compared to frequency, pre-noise exposure.
b) DPOAE shift compared to frequency, post noise exposure.
9
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1000 Hz Testing
DPOAE measurements were attempted in seven frogs, of which three were excluded
from the data due to equipment issues during recording sessions and death. Results were
obtained using both a 1000 Hz and 2400 Hz stimulus to elicit responses from the AP and BP,
respectively. DPOAE recovery was monitored over time to be compared to histopathologic
changes occurring in the otic labyrinth.
Varying the f2 threshold, pre noise exposure data for frog 10 revealed a DPOAE of 15 dB
SPL at an f2 input level of 94 dB SPL. At 12 hours post exposure a DPOAE amplitude shift of 0
dB SPL was recorded at an f2 threshold level of 84 dB SPL. No measurable DPOAE was found
at 24 hours post exposure, while at 48 hours post exposure an f2 threshold level of 89 dB SPL
elicited a DPOAE that shifted -2 dB SPL from the pre-exposure amplitude. At 72 hours post
exposure a -7 dB SPL DPOAE shift was recorded at a 94 dB SPL f2 threshold level.

Frog 4: Pre-exposure

Frog GR: 12 hours post exposure
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Figure 2: DPOAE presence at the 2f1-f2 region a) Present pre-exposure and absent 24
hours post exposure at an f2 input level of 80 dB SPL, the f2 threshold. b) Present preexposure at a supratrehsold f2 input level of 100 dB SPL. c) Present at 2400 Hz input
level.
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Similar findings were seen in frog 4. A DPOAE of 11 dB SPL at an f2 input level of 80
dB SPL was recorded pre noise exposure. A -2 dB SPL DPOAE amplitude shift was measured
using a 73 dB SPL f2 input level at 12 hours post exposure. No measurable DPOAE was found
at 24 or 48 hours post exposure. At 72 hours post exposure, a DPOAE shift of -3 dB SPL was
seen at an f2 input level of 74 dB SPL.
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Figure 3: f2 threshold and DPOAE amplitude shift as a function of time.
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Frog 11 showed an 18 dB SPL DPOAE pre noise exposure in response to an 89 dB SPL
f2 input level. NO DPOAE was recorded at 12 or 48 hours post exposure, however a 0 dB SPL
DPOAE shift was recorded at an f2 input level of 85 dB SPL at 24 hours post noise exposure. At
72 hours post exposure a -3 dB SPL DPOAE shift was seen at an 84 dB SPL f2 input level.
Following the same pattern as frog 11, frog GR had a pre noise exposure DPOAE of 12
dB SPL in response to an 89 dB SPL f2 input. NO DPOAE was observed at 12 or 48 hours post
exposure, but at 24 hours post exposure a -2 dB SPL DPOAE shift was obtained at an f2 input
level of 89 dB SPL. Finally, a -4 dB SPL DPOAE shift was observed at 72 hours post exposure
with an 89 dB SPL f2 input level.
In summary, all of the frogs revealed a present DPOAE pre-exposure. Within 12 to 24
hours post noise exposure DPOAE amplitude decreased to a point where it was not measurable
because, if present, it was embedded in the noise floor. At 72 hours post noise exposure all frogs
showed consistently measurable DPOAEs at an amplitude that was still smaller than that which
was obtained pre-exposure.
When comparing f2 threshold levels to the pre-exposure f2 threshold level it was observed
that 3 out of 4 frogs showed a decrease in this measure within 12 to 24 hours post noise
exposure. Within 48 hours post exposure all frogs showed an increase in f2 threshold level that
eventually intersected with the point in which distortion was measured in our system. Due to the
limitations of our equipment it could not be ruled-out that the actual f2 threshold may be higher
than that which is represented in our data. By 72 hours post noise exposure two frogs exhibited
f2 thresholds matching pre-exposure levels, while two others showed f2 thresholds slightly lower
than their pre-exposure thresholds.
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Analyzing the mean f2 threshold level and DPOAE amplitude changes as compared to
pre-exposure data allowed a specific trend to be seen (figure 4). As time post noise exposure
increased so did the f2 threshold, until 72 hours post exposure where the f2 threshold began to
decrease back towards the pre-exposure threshold level. DPOAE amplitude decreased with time
post noise exposure. At 72 hours post exposure the DPOAE amplitude began to increase
towards the pre-exposure amplitude.

Figure 4: Mean ± standard error relative level shift compared with preexposure f2 threshold level and DPOAE amplitude measurements.
2400 Hz Testing
Due to the nonlinear distortion created by the equipment, it was difficult to measure
DPOAEs at the 2400 Hz test frequency. Therefore, an absent DPOAE could not be
distinguished from the nonlinear distortion. Measurable DPOAEs were obtained consistently in
two frogs, frog 4 and frog 11.
Frog 4 showed a pre noise exposure DPOAE of 13 dB SPL at an f2 input level of 80 dB
SPL. The next measurable DPOAE of 12 dB SPL was obtained at 24 hours post exposure at an
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f2 input level of 82 dB SPL. At 72 hours post exposure an 14 dB SPL DPOAE was recorded at
an 80 dB SPL f2 input level.
Pre noise exposure testing in frog 11 revealed a 14 dB SPL DPOAE at an f2 input level of
89 dB SPL. At 12 hours post exposure a DPOAE of 16 dB SPL was measured at a 91 dB SPL f2
input level. A 17 dB SPL DPOAE was obtained at a 91 dB SPL f2 input level at 24 hours post
noise exposure. Finally, at 72 hours post noise exposure, a DPOAE of 14 dB SPL was seen at an
f2 input level of 85 dB SPL. Due to the limited information obtained at this test frequency and
the nonlinear distortion observed in our equipment these results could not be further analyzed.
Histopathology
Images of the AP taken with confocal microscopy (figure 5) were analyzed for hair cell
and bundle presence. Hair cells were counted pre-exposure, at 0 days (12 to 24 hours post
exposure), 3 days (72 hours post exposure), and 9 days post exposure. As seen in figure 6, hair
cell loss began at 0 days post exposure and continued through 3 days post exposure in the region
thought to be most sensitive to frequencies between 800 and 1000 Hz, at a caudal-to-rostral
distance of approximately 200 to 300 µm. Damage to hair cells continued through 9 days post
exposure, particularly in the rostral end of the AP.
The present hair cells for each measuring period were analyzed for bundle presence
(figure 7). Pre-exposure analysis revealed that all hair cells also had hair bundles. Maximum
bundle loss occurred at 0 days post exposure between 200 and 300µm, the region thought to be
most sensitive to frequencies between 800 and 1000 Hz. By 3 days post exposure all of the
present hair cells also had present bundles. Correlation of these results with hair cell loss
indicates that while maximum hair cell loss occurred at 3 days post exposure, all of the present
hair cells had intact hair bundles.
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Figure 5: Staining of the AP. Hair cells stained red with myosin 6 and hair bundles stained
bright red with phalloidin. a) A normal AP in its entirety. b) The hearing nerve as it attaches
to the AP. c) Normal stain of hair cells and bundles before noise exposure. d) Hair cell
damage at three days post exposure. e) A close-up of the AP at one day post exposure.
Arrows highlight damaged or missing hair cells. f) A close-up of the AP at three days post
exposure highlighting missing hair cells. g) Hair cell status at nine days post exposure. h) A
close-up of the AP at nine days post exposure highlighting hair cell regeneration.
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Figure 6: Hair cell presence measured pre-exposure, 0 days, 3 days, and 9 days post exposure
plotted as the distance along the AP.

Figure 7: The number of hair cells missing bundles plotted according to position along the AP,
measured pre-exposure, 0 days, and 3 days post exposure.
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DISCUSSION
The purpose of this paper was to investigate DPOAE changes compared to
histopathologic changes in the bullfrog when exposed to high level sounds. Results confirmed
that an 800-1000 Hz stimulus elicited the most sensitive DPOAEs. This same frequency region
showed the greatest DPOAE shift when exposed to noise. However, to abolish the DPOAE
completely it took a very intense signal between 140-150 dB SPL. This exposure, when given
for 24 hours caused what appeared to be a permanent threshold shift, but within 72 hours the
DPOAE showed recovery back towards its original amplitude. The f2 threshold also appeared to
return to its pre-exposure level or slightly lower. This pattern of recovery is consistent with a
temporary threshold shift.
Along with a temporary threshold shift, the AP demonstrated histopathologic changes
after the sound exposure. The stimulus used in the exposure caused focal lesions of damaged or
missing HCs that correlated well with the tonotopic organization thought to occur along the AP.
This damage began at 0 days post exposure and continued to 9 days post exposure when the first
sign of morphologic recovery, hair cell re-growth, was observed. Bundle damage also began at 0
days post exposure, but by 3 days post exposure all of the present hair cells displayed intact
bundles. It should be noted that DPOAE recovery correlated best with the presence or absence
of these bundles.
The DPOAEs recorded in this study showed sensitivity and amplitude patterns consistent
with the findings of other researchers. van Dijk and Manley (2001) recorded DPOAE
amplitudes ranging from approximately 5 to 15 dB SPL, similar to the findings of Meenderink
and van Dijk (2005) who reported average DPOAE amplitudes of approximately 5 dB SPL. The
maximum DPOAE amplitudes were recorded at DPOAE frequencies ranging from
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approximately 600-1000 Hz, corresponding to our finding that an f2 frequency of 800-1000 Hz
elicits the most robust response (Meenderink & van Dijk, 2005; van Dijk & Manley, 2001;
Vassilakis et al., 2004).
To our knowledge this is the first study which tracked DPOAE shift in response to noise
exposure in the frog. The recovery pattern of the DPOAE was comparable to that seen by
Sutton, Lonsbury-Martin, Martin, and Whitehead (1994) who tracked recovery in humans after
industrial noise exposure. Change and recovery of DPOAE amplitude correlated with the
temporary threshold shifts noted in behavioral thresholds.
Hair cell damage as a result of noise exposure has been well reported in the literature.
Similar to our correlation between exposure frequency and damage along the AP, Harding et al.
(2002) and Harding and Bohne (2004) found that maximum damage to the organ of Corti of the
chinchilla occurred at the 4000 Hz place in response to an octave band of noise centered at 4000
Hz used in their noise exposure. While direct observation of the damage occurring in humans is
not possible, it can be inferred from research by Balatsouras (2004) that similar damage patterns
would be seen. Balatsouros found that in subjects exposed to industrial noise DPOAE shifts
occurred in the 1000-6000 Hz range, consistent with noise exposures of 4000 Hz and greater.
Our finding that hair bundles were the best predictor of DPOAE presence is supported by
Liberman et al. (2004) who studied DPOAEs in prestin-null mice. Without prestin OHCs are
thought to be incapable of electromotility, thus eliminating OHC electromotility as a primary
source of DPOAE generation. Liberman et al. (2004) attributed DPOAE presence to the fast
adaptation of OHC stereocilia bundles as they were the only nonlinearity left within the organ of
Corti. Likewise, Harding et al. (2002) and Harding and Bohne (2004) found that damage to
supporting cells and the uncoupling of stereocilia were better predictors of DPOAE amplitude
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shift than presence of OHCs, further supporting our finding that DPOAEs may be a result of
healthy hair bundles.
While the histopathologic and DPOAE changes were consistent with previous research of
noise exposed mammals, the intensity of the exposure needed to elicit these changes in the
bullfrog were not. Both Harding et al. (2002) and Harding and Bohne (2004) needed no greater
than a 92 dB SPL sound throughout a 24 hour exposure in the chinchilla to see the same changes
that we observed, and a 108 dB SPL sound for one to two hours. Exposures of such high
intensity in the human would cause a permanent behavioral threshold shift as well as a
permanent reduction of DPOAE amplitude, both believed to indicate irreparable structural
damage within the cochlea (Nordman, Bohne, & Harding, 1999). Due to the frog’s ability to
regenerate hair cells, damage that would be permanent in the human ear is only temporary. This
makes the frog an ideal candidate to study DPOAE generation, as DPOAE recovery may be
directly compared to the structural integrity of the otic labyrinth as it repairs after insult.
In order for the commonly accepted theory of DPOAE generation to be true, DPOAE
changes had to correlate with damage patterns observed in the frog hair cells. This was not the
case. DPOAEs were measurable and demonstrated amplitude and f2 threshold recovery by 72
hours post noise exposure while hair cell damage was still worsening. Our results suggest that
hair bundles may be a better option as the DPOAE generator, but does not rule out other
possibilities. The ambiguity of the DPOAE generation site leads to questions about its clinical
reliability, particularly when used to assess the cochlear status of patients suffering from
pathologies known to affect OHCs. If it is not evaluating OHC function then what is the
DPOAE recording, and if the outer hair cells are responsible for good hearing and frequency
sensitivity but the DPOAE does not assess OHC function can the results really be correlated with
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behavioral thresholds? These questions may account for the variability in DPOAE
measurements that have been recorded across humans experiencing NIHL and ototoxicity
(Attias, Bresloff, Reshef, Harowitz, & Furman, 1998). Further investigation of DPOAE
generation is needed to better understand how the measurement is clinically applicable. Until
then, caution must be used when interpreting DPOAE results so that appropriate diagnoses can
be made.
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Appendix A
Calibration chart for Bruel & Kjaer ½ inch pressure microphone.

Frequency response of the ER 10-C microphone.
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Appendix B
DPOAE measurements from frogs 10, 4, 11, and GR.
Table 1: Results of 1000 Hz DPOAE measurements given in dB SPL.

Frog #

Frog 10

Frog 4

Frog 11

Frog
GR

Time of Measurement

Pre- exposure
12 hours
24 hours
48 hours
72 hours
Pre- exposure
12 hours
24 hours
48 hours
72 hours
Pre- exposure
12 hours
24 hours
48 hours
72 hours
Pre- exposure
12 hours
24 hours
48 hours
72 hours

f2 Threshold

DPOAE Amplitude

DPOAE shift re:
pre-exposure
DPOAE amplitude

Distortion Level

94
15
0
105
84
15
0
105
101*
NO DPOAE
-15**
101
89
13
-2
100
94
8
-7
100
80
11
0
94
73
9
-2
100
108*
NO DPOAE
-11**
108
96*
NO DPOAE
-11**
96
74
8
-3
96
89
18
0
102
103*
NO DPOAE
-18**
103
85
18
0
103
105*
NO DPOAE
-18**
105
84
15
-3
105
89
12
0
105
104*
NO DPOAE
-12**
104
89
10
-2
106
99*
NO DPOAE
-12**
99
89
8
-4
104
* = Distortion noted in system, DPOAE could not be determined.
** = DPOAE in noise floor
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Noise Floor

33
5
10
3
5
13
12
30
1
2
14
42
9
42
17
17
20
6
11
4
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Appendix C
DPOAE measurements for frogs 4 and 11.
Table 2: Results of 2400 Hz DPOAE measurements given in dB SPL.
Frog #

Frog 4

Frog 11

Time of Measurement

Pre- exposure
12 hours
24 hours
48 hours
72 hours
Pre- exposure
12 hours
24 hours
48 hours
72 hours

f2 Threshold

DPOAE Amplitude

Distortion Level

80
13
85
84*
NO DPOAE
84
82
12
86
84*
NO DPOAE
84
80
14
84
89
14
94
91
16
98
91
17
98
77*
NO DPOAE
77*
85
14
98
* = Distortion noted in system, DPOAE could not be determined.
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Noise Floor

-11
-6
1
-0.1
-11
-2
-1
2
8.2
2
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